The charged-current quasi-elastic (CCQE) scattering of muon neutrinos on a carbon target is analyzed using the relativistic distorted-wave impulse approximation (RDWIA) taking into account the contribution of the two-particle and two-hole meson exchange current (2p − 2h MEC) to the weak response functions. A fit the RDWIA+MEC model to the MiniBooNE neutrino data is performed and the best fit value of nucleon axial mass M A = 1.2 ± 0.06 GeV is obtained. We also extract the values of the axial form factor F A (Q 2 ) as a function of the squared momentum transfer Q 2 from the measured dσ/dQ 2 cross section. The flux-integrated CCQE-like differential cross sections for neutrino scattering at energies of the NOvA experiment are estimated within the RDWIA+MEC approach .
are able to evaluate the energy of the incoming neutrino. This energy can be estimated from the lepton and hadron energies visible in the final state after the neutrino has interacted.
Thus the total hadronic deposit is the necessary piece of information for the calorimetric method.
Because the CCQE is a two-body process, the incoming neutrino energy can be calculated using only outgoing lepton kinematics. The measurement of muon momentum and angle allows the estimation of the neutrino energy ε ν and the squared four-momentum transfer Q 2 . This reconstruction method (kinematic method) works well if the true nature of events were indeed a CCQE process. Nuclear effects, the final state interaction (FSI) between of the outgoing particles and the residual nucleus as well as interactions which are not distinguishable from CCQE in the final state -bias or smear the reconstructed neutrino energy. Therefore a good understanding of these effects is critical.
To model the CCQE scattering from a nuclei, most event generators are based on the relativistic Fermi gas model (RFGM) [1] . In this model the nucleus is described as a system of quasi-free nucleons with a flat momentum distribution up to the same Fermi momentum p F and nuclear binding energy ǫ b . With the assumption of the conserved vector current, the only parameter of the weak current which is not well constrained by electron scattering data is the axial nucleon form factor F A (Q 2 ). In most analysis of the CCQE interaction, the dipole parametrization of F A (Q 2 ) with one parameter, the axial mass M A is used. Note that dipole parametrization has no strict theoretical basis, and the choice of this parametrization is made by analogy with electromagnetic form factors.
The value of M A is obtained from a fit to observed Q 2 distribution of events, differential, and total (anti)neutrino CCQE cross sections. Results from global analysis of neutrinodeuterium scattering experiments are very widely spread and the formal averaging of M A values was done in Ref. [2] : M A = 1.026 ± 0.021 GeV. This result is also known as the world-averaged value of the axial mass. The NOMAD experiment has reported result on neutrino CCQE scattering on carbon: M A = 1.05 ± 0.02 ± 0.06 GeV [3] . The MINERvA experiment [4, 5] has shown good agreement within the RFGM with M A ≈ 1 GeV, but requires an enhancement to the transverse response function. A recent reanalysis of the MINERvA flux [6] results in the increases to the normalization of previous cross sections [7, 8] and invalidates conclusions from Refs. [4, 5] .
On the other hand the differential cross sections measured by the MiniBooNE collabora-tion [9] [10] [11] can be described within the RFGM only with large value of M A = 1.35 ± 0.017
GeV. The absolute values of the differential and total cross sections are about 30% larger compared to NOMAD results. Large values of axial mass M A ≈ 1.1 − 1.3 GeV have also obtained in other experiments using heavy nuclear targets [12] [13] [14] [15] .
These results have stimulated many theoretical studies trying to explain the apparent discrepancy between the data and theoretical predictions, and present a considerable challenge to neutrino oscillation experiments. A wide variety of models has been proposed to describe CCQE-like cross sections, identified experimentally as processes in which only a final charged lepton with multinucleon excitations is detected, but the pion absorption contribution is subtracted. The data without subtracting any intrinsic background is called CC0π.
A review of the available CCQE-like cross section models can be found in Refs. [16] [17] [18] .
Based on the results from different groups it is shown that CCQE-like data are really a combination of the genuine QE and of the two-particle and two-hole meson exchange current (2p − 2h MEC) contributions to weak response functions. Such excitations are induced by two-body currents, hence they go beyond the usual impulse approximation (IA) scheme, in which the probe interacts with only single nucleon and corresponds to the 1p−1h excitations.
To describe the genuine QE a model should in principle include the nuclear mean field and nucleon-nucleon (NN) short and long-range correlations in the ground state, as well as final state interaction of the outgoing nucleon with the residual nucleus. More sophisticated descriptions of the CCQE interaction that the RFGM provides are available from a number authors [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Note that there exist some differences already at level of the genuine quasielastic scattering.
The transverse enhancement effective model to account for MEC effects has been proposed in Ref. [31] . In this model the magnetic form factor for nucleon bound in carbon are modified to describe the enhancement in the electron-carbon QE cross section. An enhancement of the axial nucleon mass in the nonrelativistic continuum random phase approximation has been regarded in Ref. [32] . The contribution of np − nh channel is also taken into account through phenomenological approach in Ref. [33] .
The most complete theoretical calculations of 2p − 2h cross sections are performed by different groups [34] [35] [36] [37] [38] [39] [40] [41] . In Refs. [34] [35] [36] [37] the models start from a local Fermi gas picture of the nucleus and take into account long-range random phase approximation (RPA) corrections, but ignore the shell structure of nucleus and FSI effects. In the 2p − 2h sector both models use the Fermi gas approximation. The short-range NN-correlations are included by considering an additional two-body correlation current. As result, the NN-correlations and NN-correlations-MEC-interference naturally apper (RPA-MEC approach).
In the SuSA approach [29, [38] [39] [40] [41] Another approach which goes beyond the impulse approximation was developed in
Ref. [42] . In this work a joint calculation of the CCQE and 2p−2h contributions to the lepton scattering cross sections on carbon, using relativistic distorted-wave impulse approximation (RDWIA) for quasielastic response functions in the electroweak sector (RDWIA+MEC approach) was performed. The RDWIA, which takes into account the nuclear shell structure and final-state interaction effects, was developed to describe of the QE electron-nucleus scattering [43] [44] [45] . Results of the analyze data for 12 C(e, e ′ p) based on upon the RDWIA can be found in Refs. [23, 45] , which show that the nucleon momentum distributions are described well by mean-field calculations. From this analysis it follows that fragmentation of the 1p strength in carbon by collective modes is largerly confined to excitation energy be low 10
MeV and approximately 84% of the independent particle shell model (IPSM) is found in the missing energy bin 15-25 MeV. In our approach [22, 23] the effects of the short-range NN-correlations, leading to appearance of a high-momentum and high-energy distribution in the target are estimated.
We explicitly added the MEC contributions (without the NN-correlations-MEC-interference) to the genuine QE interaction, as in the SuSA-MEC approach [40] . The functional forms employed for the parametrizations of the MEC transverse electromagnetic vector response, and for the axial and vector components of the weak response were detailed in Refs. [40, 41] . The RDWIA+MEC approach was successfully tested against 12 C(e, e ′ ) data [42] .
Although theoretical calculations of the CCQE-like neutrino-nucleus cross sections have been performed by many groups using different approaches, at this moment there is no progress in a quantitative description of the data and it is not clear which models fit the global data best. For example, the global fit performed in Ref. [46] shows very poor results.
One of the goals of this paper is to fit the RDWIA+MEC model to the MiniBooNE data [9] for neutrino scattering off carbon. Within this approach we extract the value of the axial mass from measured flux-integrated dσ/Q 2 and d 2 σ/dT d cos θ (T and θ are, correspondingly, kinetic energy and muon scattering angle) differential cross sections. In addition we determine the values of the axial form factor F A (Q 2 ) as a function of Q 2 , using the method described in Ref. [47] . Previously our constraint on the M A ≈ 1.37 GeV was obtained within the RDWIA [47, 48] . This work improves the previous situation by including 2p − 2h We consider neutrino charged-current QE inclusive
scattering off nuclei in the one-W-boson exchange approximation. Here k i = (ε i , k i ) and
are the initial and final lepton momenta, p A = (ε A , p A ) is the initial target momenta, q = (ω, q) is the momentum transfer carried by the virtual W-boson, and
In the inclusive reactions (1) only the outgoing lepton is detected and the differential cross sections can be written as
where Ω f = (θ, φ) is the solid angle for the muon momentum, G ≃ 1.16639
is the Fermi constant, θ C is the Cabbibo angle (cos θ C ≈ 0.9749), L µν is the lepton tensor, and W µν are the weak CC nuclear tensors. In terms of response functions the cross sections reduce to
where the coupling coefficients v k , whose expressions are given in [22] are kinematic factors depending on the lepton's kinematics. The response functions are given in terms of components of the hadronic tensors
and depend on the variables (Q 2 , ω) or (|q|, ω).
All the nuclear structure information and final state interaction effects are contained in the weak CC nuclear tensor. It is given by the bilinear products of the transition matrix elements of the nuclear CC operator J cc µ between the initial nucleus state |A and the final state |X f as
where the sum is taken over undetected states X f . This equation includes all possible final states. Thus, the hadron tensor can be expanded as the sum of the 1p − 1h and 2p − 2h, plus additional channels:
where the 1p − 1h channel gives the CCQE response functions and the 2p − 2h hadronic tensor determines the 2p − 2h MEC response functions. Thus, the functions R i (4) can be written as a sum of the CCQE (R i,QE ) and MEC (R i,M EC ) response functions
B. RDWIA model
We describe genuine CCQE neutrino-nuclear scattering in the impulse approximation, assuming that the incoming neutrino interacts with only one nucleon, which is subsequently emitted, while the remaining (A-1) nucleons in the target are spectators. The nuclear current is written as the sum of single-nucleon currents.
The single-nucleon charged current has V −A structure 
These form factors are parameterized using a dipole approximation:
where
A is the axial mass, and m π is the pion mass.
Then the axial current vertex function can be written in the form
and the axial vector current can be factorized as
In the RDWIA, the relativistic wave functions of the bound nucleon states are calculated in the IPSM as the self-consistent solutions of a Dirac equation, derived within a relativistic mean field approach, from a Lagrangian containing σ, ω, and ρ mesons (the σ − ω model) [53, 54] . According to the JLab data [45, 55] the occupancy of the independent particle shell model orbitals of 12 C equals on average 89%. In this work, we assume that the missing strength (11%) can be attributed to the short-range NN-correlations in the ground state, leading to the appearance of the high-momentum and high-energy component in the nucleon distribution in the target. In the RDWIA, the final state interaction effects for the outgoing nucleon are taken into account. The distorted-wave function of the knocked out nucleon is evaluated as a solution of a Dirac equation containing a phenomenological relativistic optical potential. The EDAD1 parametrization [56] of the relativistic optical potential for carbon was used in this work. We calculated the inclusive cross sections with the EDAD1 relativistic optical potential in which only the real part was included.
The cross sections with the FSI effects in the presence of the short-range NN-correlations were calculated by using the method proposed in Ref. [22] with the nucleon high-momentum distribution from Ref. [57] that was renormalized to value of 11%. In this approach, the contribution of the NN-correlated pairs is evaluated in impulse approximation, i.e., the virtual W-boson couples to only one member of the NN-pair. It is a one-body process that leads to the emission of two nucleons (2p − 2h excitation).
In the present work we evaluate the weak MEC response functions R i,M EC of neutrino scattering on carbon, using accurate parametrizations of the exact MEC calculation [39] . In order to evaluate the 2p − 2h hadronic tensor W µν 2p2h , in Ref. [39] the RFGM was chosen to describe the nuclear ground state. The short-range NN-correlations and FSI effects were not considered in this approach. The elementary hadronic tensor is given by bilinear product of the matrix elements of the two-body weak (containing vector and axial components) MEC.
Only one-pion exchange is included.
The two-body current operator is obtained from the pion production amplitudes for the nucleon while coupling a second nucleon to the emitted pion. The resulting MEC operator can be written as a sum of seagull, pion-in-flight, pion-pole, and Delta-pole operators. The ∆-peak is the main contribution to the pion production cross section and the MEC peak is located in the "dip" region between the QE and Delta peaks.
The functional forms employed for these parametrizations as functions of (ω, |q|) are valid in the range of momentum transfer |q| = 200 ÷ 2000 MeV. The expressions for the fitting parameters are described in detail in Refs. [40, 41, 58] . Results of lepton-nucleus cross sections obtained using these MEC parametrizations were successfully tested against the experimental world data for cross sections then given by [47] dσ
where σ V is the cross section dσ/dQ
The vectoraxial cross section σ V A , arising from the interference between the vector and axial currents can be written as
The flux integrated cross section can be written as a sum of the flux integrated QE and
and j = QE, MEC. The weight functions D ν are defined as
where I ν (ε i ) is the neutrino spectrum and Φ ν is the integral neutrino flux.
The value of F A (Q 2 ) as a function of Q 2 can be extracted as the solution to the equation
using the neutrino CCQE-like scattering data for dσ ν /dQ 2 and 
III. RESULTS AND ANALYSIS
Our main interest is to show the capability of the present model, RDWIA+MEC, to describe successfully the MiniBooNE neutrino scattering data and calculate within this approach the CCQE-like flux-integrated cross sections at energies available at the NOvA experiment.
A. Fit of the RDWIA+MEC model to the neutrino MiniBooNE data
The MiniBooNE neutrino data set [9] , obtained in a kinematic range that significantly overlaps with the range available to the NOvA experiment, is used in the CCQElike fit. These data have been released as flux-integrated double-differential cross section
The data release included the diagonal elements of the shape-only covariant matrix for each bin and correlations between bins were not presented. The normalization uncertainly was given as 10.7%. In our analysis we use the CCQE corrected sample with purity 77%. In the MiniBooNE antineutrino data set [11] the correction algorithm for the antineutrino data is more complicated then for neutrino mode sample, due to the relatively high ν µ contamination in theν µ beam. There is also a large CC1π − background in theν µ CCQE sample, as most of the π − are absorbed. As a result of the two large backgrounds in the antineutrino sample, the purity of the antineutrino CCQE-like sample is 61%.
To extract the values of the axial form factor F A (Q 2 ) as a function of Q 2 , using the measured neutrino flux-integrated dσ/dQ 2 cross section, we calculated the σ V , σ A , σ V A , and dσ M EC /dQ 2 cross sections with the booster neutrino beam line ν µ flux [9] . In Fig. 1 these cross sections for ν µ scattering on 12 C are shown against Q 2 . In Fig. 2(a) we show the The MiniBooNE data are shown as points with the shape error only.
higher and decrease with Q 2 more slowly than corresponding values extracted within the RDWIA+MEC approach.
We also performed a shape-only fit the RDWIA+MEC model to the MiniBooNE neutrino data with only the axial mass M A as a variable model parameter. Ref. [60] shows that the best fit parameter values are not significantly altered by including the MiniBooNE normal- ization uncertainties in the CCQE fit. The fits were made to the single-differential dσ/dQ 2 (1D fit), double-differential d 2 σ/dT d cos θ (2D fit) cross sections, and their combination (1D+2D main fit), using the χ 2 statistic
where ∆(dσ/dQ 2 ) k and ∆(d main fit is in agreement within the errors with the best fit value of M A = 1.15 ± 0.03 GeV obtained from the main CCQE fit of the MiniBooNE and MINERvA data in Refs. [46, 60] .
The best fit dσ/dQ 2 distribution is compared with the data in Fig. 2(a) . The result of the dipole parametrization of F A (Q 2 ) with M A = 1.2 GeV is shown in Fig. 2(b) . There is an overall agreement between the RDWIA+MEC dσ/dQ 2 cross section and the data, but the model slightly overestimate the data in the range 0.08 < Q 2 < 0. The integration over muon kinetic energy has been performed in the range 0.2 < T < 2
GeV. As shown, the RDWIA+MEC model with M = 1.2 GeV is capable of reproducing the magnitude as well as the shape of the experimental cross sections.
In Figs. 9, 10, and 11 the MiniBooNE neutrino flux-averaged CCQE-like differential cross sections calculated within the different approached are presented. In Fig. 9 we show the dσ/dQ 2 cross sections as measured in Ref. [9] and as calculated in the RDWIA+MEC and RPA-MEC [34] models. Also shown are CCQE cross sections obtained in these approaches. to overestimate the data appears at low Q 2 < 0.06 (GeV/c) 2 . In the range of Q 2 < 0.3 (GeV/c) 2 , which is affected by RPA quenching, the CCQE cross sections calculated in the RDWIA with M A = 1.2 GeV is ≈ 30% larger than those obtained in Ref. [34] and the discrepancy decreases with Q 2 up to 12% at Q 2 ≈ 0.9 (GeV/c) 2 . In Fig. 10 we show the double-differential d 2 σ/dT d cos θ cross sections calculated in the RDWIA+MEC, SuSAv2-MEC [59] , and RPA-MEC [34, 36] approaches. For the sake of illustration in Fig. 10 (a) the results are given for 0.8 < cos θ < 0.9 as functions of the muon kinetic energy. As one can observe, the results of the RDWIA+MEC, SuSAv2-MEC, and RPA-MEC [34] models are in agreement with data. In the case of the RPA-MEC result [36] a tendency to underestimate
the MiniBooNE data appears. In Fig. 10 This flux is used in the calculation of the NOvA flux-integrated differential cross sections.
In the fiducial region of the NOvA near detector (ND) the liquid scintillator (CH 2 ) com- As shown in the key, cross sections were calculated for neutrino scattering on 12 C and 40 Ar.
nuclear structures of 40 Ar and 35 Cl is not significant. Therefore the NOvA CCQE-like differential cross sections were estimated for neutrino scattering on carbon and argon, herewith the 2p − 2p MEC contributions for 40 Ar was calculated using the parameterizations for 12 C re-scaled for argon according to [63] . Then the NOvA neutrino scattering cross section per target neutron, i.e. the cross sections averaged over the ND mass weight, can be ex- MEC contribution increases with the mass number of the target.
The results in Fig. 13 correspond to the flux-integrated NOvA (dσ/dQ 2 ) M IX cross section angle has been performed in the range 0.6 < cos θ < 1, for calculation of the dσ/dT cross section and over muon kinetic energy in the range 0.2 < T < 3.5 GeV, for evaluation of the dσ/d cos θ cross section.
The ratio of the neutrino flux-integrated differential CCQE-like (dσ/dQ 2 ) QE+M EC cross section to the genuine QE (dσ/dQ 2 ) QE one, R M EC = (dσ/dQ 2 ) QE+M EC /(dσ/dQ 2 ) QE , calculated for the MiniBooNE and NOvA experiments are shown in Fig. 19 . As observed, in the NOvA case the contribution of the 2p − 2h MEC is about 8% higher than in the MiniBooNE experiment. This can be connected with the NOvA neutrino flux that is centered at neutrino energy ≈ 2 GeV, whereas the MiniBooNE neutrino flux has maximum at the energy ≈ 0.7
GeV. As was discussed earlier, the ∆-peak is the main contribution to the pion production cross section which increases with neutrino energy in the range up to 3 GeV. and MINERvA data [46, 60] . We also extracted the values of the axial form factor F A (Q 2 ) as a function of Q 2 , using the measured neutrino flux-integrated dσ/dQ 2 cross section. There is a good overall agreement within the experimental uncertainties between the extracted values of F A (Q 2 ) and the dipole parametrization with the value of M A = 1.2 GeV. We obtained that in the MiniBooNE experiment the 2p − 2h channel is large, contributing about 25% depending on kinematics, and it is essential to describe a great amount of experimental data. One can also notice that our calculations are in agreement with other theoretical results which are compatible with MiniBooNE data.
Using the RDWIA+MEC model with M A = 1.2 GeV we estimated the differential fluxintegrated CCQE-like cross sections for neutrino scattering in the NOvA near detector.
We show that these cross crosections are coincidence with ones for neutrino scattering on carbon. The 2p − 2h MEC contributions in the NOvA energy range are about of 30-35%, i.e.
∼ 8 % larger than in the MiniBooNE experiment. So, the measurements of the CCQE-like differential cross sections in the NOvA experiment are necessary in order to make precision
